regarding SDT of general tropical convective systems not related to MJO [Hohenegger 132 and Stevens 2013; Masunaga 2013] . 133
In short, studies based on composites of multiple MJOs using reanalysis or 134 satellite data support the discharge-recharge mechanism [Benedict and (Fig. 1a) . This region is particularly selected as it has DYNAMO observations to 156 guide analysis and sufficient TRMM satellite sampling. 157
Data resources

158
The version 7 TRMM Multisatellite Precipitation Analysis (3B42) rainfall product 159 [Huffman et al. 2007 ] provides continuous (3 hourly) rainfall time series over the study 160 region. For the DYNAMO-specific MJOs, high-resolution (2 km, hourly) gridded radar 161 data (in 150 km range) collected from the R/V Roger Revelle C-band radar (located at 162 80.5 E, 0 N) are used to estimate radar echo-top heights as proxies of convective depth 163 [Xu et al. 2015] . [Kummerow et al. 1998 ] are used to examine the 190 convective evolution of MJO cycles over the defined region (Fig. 1a) . (Fig. 2a) . The SDT is considered when there is an increasing 224 trend starting from the freezing level. Prior to the SDT, minor fluctuations (e.g., < 5 o C) 225 around the freezing level are considered to be associated with the shallow convective 226 period. Per this definition, the two DYNAMO MJOs had SDT time scales of 4-5 days 227 (Fig. 2b) , very similar to the 3-7 day time scales based on DYNAMO radar data [Powell 228 and SDT timescale (Fig. 2b ) exhibits a broad spectrum from two days to more than 248 two weeks with the median values around 8-10 days (Fig. 2b) The shallow convective period (SCP) prior to SDT has a median value of 5-6 268 days (Fig. 2c) , a few days shorter than the SDT. Some extended SCPs lasting more than 269 two weeks were also present in our dataset. The length of the deep convective period 270 after SDT is usually 9-11 days, but ranges from 1 to 20 days (Fig. 2d) . In terms of the 271 duration of the shallow and deep convective periods, the two DYNAMO MJOs are near 272 the climatological mean. SCP duration is only weakly correlated to MJO duration or 273 magnitude (r = 0.25), whereas the duration of the deep convective phase is slightly 274 correlated to the MJO magnitude as defined by the RMM index (r = 0.3-0.35). The 275 duration of the deep convective period, however, is well correlated with convective 276 intensity as indicated by the coldest clod top (r = 0.62). Finally, the decaying convective 277 period exhibits a mode of shorter time scales (5-6 days) and less variability (Fig. 2e)  278 compared to the SDT, suggesting convective dissipation and tropospheric drying occur 279 more rapidly than cumulus growth and tropospheric moistening [Benedict and Randall 280 2007] . 281 
Relationships among SDT, SCP, and environmental factors
, SDT vs. SCP) and environmental factors (only parameter-pairs 285 with significant correlations are shown). It is interesting that SDT timescale is 286
(significantly) negatively correlated to SCP duration (Fig. 3a) , that is, longer SCP implies 287 shorter SDT and vice versa. Both SDT and SCP durations are weakly correlated (r = 0.2-288 0.3) with a single parameter of pre-onset environments (e.g., SST, winds, and mid-289 tropospheric humidity), possibly due to the fact that they are influenced simultaneously 290 by multiple environmental factors/processes. The exception is that SCP duration 291 correlates (significantly) negatively with midtropospheric (500 hPa) relative humidity 292 (RH, Fig. 3b) , which is reasonable, as a dry midtroposphere (also indicative of large-scale 293 descent) could suppress the growth of congestus due to strong dry air entrainment (or 294 large-scale descent) until sufficiently moist conditions are reached. SST during SDT 295 significantly affects the intensity of the following deep convective period (Fig. 3c (Fig. 3e) , suggesting deeper convection (colder cloud top) promotes 303 longer deep convective period. 304
Four MJOs with long (cases 1-2) and short (cases 3-4) SDT periods (as marked 305 in Fig. 3 ) are examined further as an attempt to better identify specific processes during 306 SDT (Fig. 4) . The SDT of MJOs 1-2 occurs gradually during a two-week period, after a 307 5-10 day SCP (Figs. 4a-b) . The SCP of MJOs 1-2 feature a mode of convective cloud 308 tops reaching only ~280 K (3-4 km ASL), marking shallow cumulus. MJO 2 has a longer 309 SCP (10 days) possibly due to drier conditions in the midtroposphere compared to MJO 1 310 (5 days). As mentioned earlier, the duration of SCP is negatively correlated with the 311 relative humidity of the midtroposphere (Fig. 3b) . The SDT (red curves) of MJOs 1-2 312 occurs in the form of 2-3 pulses (3-4 days each) of active convection with cloud tops 313 deepening from pulse to pulse. In the meantime, the midtrophosphere moistens (green 314 This study also finds that SDT timescale is negatively correlated to SCP 365 duration. For example, extremely short (extended) SCPs are followed by gradual (rapid) 366
SDTs prior to the onset of MJO deep convection. We speculate that SST, convective 367 available potential energy (CAPE) and moisture are accumulated during extended 368 suppressed periods thus leading to a sudden outbreak of deep convection. Perhaps 369 shallow cumulus over an extended period can also sufficiently moisten and warm the 370 lower troposphere, thereby shortening the SDT duration. In cases of short SCP, the 371 environment may be favorable for the development of congestus, but not yet for deep 372 convection, and therefore convective depth may only gradually grow through convective 373 moistening. The weak relationship between SDT timescale and a single environmental 374 parameter indicates that SDT is influenced simultaneously by multiple factors/processes, 375 which is also the goal of our future analysis. 376
Matthews [2008] found that precursor signals proposed by previous studies are 377 evident in "successive" MJOs (with preceding MJOs) but are absent in the "primary" 378
MJOs (no preceding MJO), suggesting a different nature of convective initiation between 379 primary and successive MJOs. In this study, we have identified primary MJO events 380 sampled by TRMM using initiation dates from Yong and Mao [2015] , which applied the 381 same definition as Matthews [2008] . By this methodology, 10 primary MJOs (with 382 sufficient TRMM samples) were identified during 1998-2010 (common time period 383 between Yong and Mao study and ours). Histograms of the time-scales of convective 384 development of these 10 primary MJOs have been added to Fig. 2 (green bars) . 385
Compared to the total MJO population, primary MJOs tend to have slightly longer SDT 386 timescale (Fig. 2b ) but shorter SCP (Fig. 2c) and deep convective periods (Fig. 2d) . 387
These opposite tendencies of SDT and SCP time-scales for primary MJOs are actually 388 consistent with previously shown negative correlations between SDT and SCP durations 389 (Fig. 3a) intensity thus a shorter duration for deep convection (Fig. 2d) respectively. 597 598 599 600
